Introduction
Protein-mediated processes depend on gene expression. Regulation of this process has been studied extensively in unicellular fungi such as Saccharomyces cerevisiae and Schizosaccharomyces pombe, simple and easy-to-manipulate model organisms for higher eukaryotes. A number of these results and methods are applicable to our focus of interest, Candida albicans, an important pathogen affecting humans through superficial and systemic infections. This ascomycete fungus adapts its growth form according to cues from its environment, growing as budding yeast, pseudohyphae or true hyphae. Regulation of gene expression is essential for all aspects of C. albicans growth, morphology, virulence and resistance to antifungal agents. Its promoters frequently follow complex regulatory patterns and may be influenced by several signal transduction pathways simultaneously (Liu, 2002) . The main areas of research interest include the influence of key signal transduction cascades and their individual components (Eckert et al., 2007 , and references therein), response to host-generated influences, for example macrophages (Lorenz et al., 2004) and components of blood (Fradin et al., 2003) , response to stress (Enjalbert et al., 2007) and antifungal agents (Akins, 2005) . Alternative codon usage and diploidy in C. albicans still limit the speed and progress of research (Berman & Sudbery, 2002) . Thus, establishing whether a gene is essential for C. albicans usually involved deleting one copy and conditionally expressing the second allele. Reporter genes ) previously used in model organisms have been adapted to the codon usage of C. albicans, and are used to assess promoter activity, translation rates as well as localization of the product. Research into regulation of C. albicans transcription, both individual and microarray-based, has identified a number of genes whose expression is stage-specific or inducible/repressible by simple compounds.
The aim of this review is to present an overview of the techniques used to investigate regulation mechanisms for promoters in C. albicans and some related Candida species, and to present promoters and reporter genes for the study of gene expression.
Promoters with direct regulation (Table 1) Stage-specifically expressed genes Studies of microarrays and individual genes have identified a number of C. albicans genes expressed only in specific growth forms or distinct cell cycle stages. Expression of many of these genes is controlled by transcription factors that are themselves under the influence of signaling cascades. This is a particularly fast-moving field; therefore, this article can only present major areas of research.
Cell morphology-specific genes mRNAs encoded by development-specific genes can be used as markers for certain stages, for example, for hyphae (Berman & Sudbery, 2002) . Their promoters can serve to over-or misexpress a gene in distinct cell forms or reduce its transcript where it might be required. A number of studies have focused on the hyphal stage of C. albicans or the yeastto-hypha transition (Lane et al., 2001; Nantel et al., 2002; Sohn et al., 2003; Bassilana et al., 2005) . Some genes were found to be expressed exclusively in hyphae; the most extensively studied are HYR1 (Bailey et al., 1996) and HWP1 (Staab & Sundstrom, 1998; Kim et al., 2007) . YWP1 is highly expressed in the yeast cell stage and not detectable by hybridization in filamenting cells (Sohn et al., 2003) . Some mutations prevent yeast growth and maintain the cells in the hyphal form, for example, in a strain deleted for the C. albicans phosphodiesterase PDE2 (Bahn et al., 2003) . The repressor of transcription Nrg1 is essential for yeast growth; deletion of NRG1 leads to constitutive filamentation (Braun et al., 2001; Murad et al., 2001) . Nrg1 regulates a host of genes, including the adhesin gene ALS3. Similarly, while no genes exclusively expressed in the pseudohyphal stage are known, the level and balance of transcription are critical Exclusively in hyphae Staab & Sundstrom (1998) 
YWP1
Exclusively in yeast cells Sohn et al. (2003) .
WH11
Exclusively in white cells Srikantha et al. (1995) 
OP4
Exclusively in opaque cells Lockhart et al. (1998) for the formation of pseudohyphae. High expression of CPH1, which encodes the effector transcription factor of the mitogen-activated protein kinase pathway, can induce pseudohyphal growth under yeast growth conditions (Lane et al., 2001) . The genes HXT62, ELF1 and SSB1 were identified as preferentially expressed in the biofilm stage (García-Sánchez et al., 2004) .
Phenotypic switching
The white/opaque transition system is characterized by different cell and colony morphologies (Soll, 1997) and controlled by the transcription factors Wor1, Wor2, Czf1 and Efg1 (Zordan et al., 2007) . Specific marker genes include WH11 for white cells (Srikantha & Soll, 1993) , and OP4 (Lockhart et al., 1998) and SAP1 (White et al., 1993) in opaque cells. Functional elements of the WH11 and OP4 promoters were identified by testing truncated fragments with a reporter gene (Srikantha et al., 1995 Lockhart et al., 1998) . WH11 promoter regions required for the binding of white phase-specific protein complexes were identified by gel retardation (Srikantha et al., 1995) . Expression of WH11 from the OP4 promoter did not affect opaque morphology but increased the switching frequency (Kvaal et al., 1997) . The Morschhäuser group used fusions of PWH11 and PSAP1 to the green fluorescent protein (GFP) reporter and to the mycophenolic acid (MPA) resistance marker to monitor in vivo expression of these phase-specific genes (Strauß et al., 2001) . In PWH11-MPA R strains, only white cells (budding or filamenting) showed MPA resistance, while for PSAP1-MPA R only opaque cells showed resistance.
Other regulated genes
A number of C. albicans promoter/regulator pairs have been described that have homologues in model organisms, especially S. cerevisiae. In this chapter, we present genes with an expression pattern specific to Candida species.
Induction by azoles
Azole antifungal drugs interfere with the biosynthesis of ergosterol in fungal cells. Expression of the genes MDR1, CDR1, CDR2, PDR16 and ERG11, either singly or in combination, has been associated with increased resistance to azole antifungal compounds in patients (Sanglard et al., 1995; White, 1997; Franz et al., 1998; Lopez-Ribot et al., 1998) . MDR1 encodes a membrane transport protein of the major facilitator superfamily (Wirsching et al., 2000 , and references therein), which exports a range of drugs using the proton gradient across the membrane for energy. Fluconazole-resistant strains show high constitutive or even increasing expression in patients, while no transcript was detected in fluconazole-susceptible isolates and the laboratory strain CAI4. The MDR1 promoters from susceptible and resistant strains have identical sequences (Wirsching et al., 2000; Hiller et al., 2006b) . Overexpression of MDR1 from the ADH1 promoter only slightly increased resistance to fluconazole (Hiller et al., 2006a) . Regulation of the MDR1 promoter by toxic compounds depends on cis-acting elements (Harry et al., 2005) . Rognon et al. (2006) described one element each for benomyl and H 2 O 2 , that were essential for increased expression of MDR1 after contact with these substances in an azole-sensitive strain, whereas in a resistant strain, expression was constantly high. Riggle & Kumamoto (2006) similarly used a fusion truncation of the PMDR1 to green fluorescent protein (GFP), identifying the same region as the study by Rognon et al. (2006) as essential for high expression of the reporter, a potential binding site for a trans-activating factor, Mcm1.
CDR1 and CDR2 encode ABC-type azole drug efflux pumps and are modulated via drug-responsive regulatory elements in response to estradiol, as assessed by fusion of their promoters to reporters (de Micheli et al., 2002; Gaur et al., 2005) . The transcription factor Tac1 (Coste et al., 2004) is essential for the regulation of CDR1 and CDR2. Overexpression of CDR1 via an inducible promoter in a cdr1/cdr1 strain (Niimi et al., 2004) resulted in increased resistance to various antifungal agents, shown by faster export of rhodamine, proving that Cdr1 functions as an efflux pump in C. albicans. Upregulation in response to antifungal drugs was also shown for the C. albicans ERG11, (cytochrome P450, lanosterol 14-a demethylase, previously ERG16). Reporter expression from the promoter of this gene was induced depending on azole or sterol depletion (Song et al., 2004) . cis-Acting elements in the ERG11 promoter are recognized by the sterol metabolism transcription factor Upc2 (Oliver et al., 2007) . Azoles upregulate the expression of the aspartyl proteases SAP4, 5 and 6 in hyphae (Barelle et al., 2008) , while the fluconazole efflux pumps CDR1, CDR2 or MDR1 showed no increased expression under the conditions used. Expression of SAP2, 4, 5 and 6 was increased in vivo in mouse kidney cells. An increase of PSAP2-and PSAP9-fused reporter was also detected in all but one wild-type isolates of C. albicans in response to antifungal agents by Copping et al. (2005) .
In the context of azole resistance, the Rogers group (Liu et al., 2007) used chromatin immunoprecipitation in combination with microarray (ChIP-chip) to identify target promoters of the transcriptional regulator Tac1p, confirming previously reported binding sites for this factor in the promoters of CDR1 and CDR2 (Coste et al., 2004) and also its own. Hyperactive alleles of extra copies of Tac1 itself are associated with fluconazole resistance Selmecki et al., 2008) .
Another target of Tac1 is the PDR16-encoding phosphatidyl-inositol transfer protein , which also plays a role in azole resistance. Steroids are involved in activating pleiotrophic drug resistance networks, for example PDR1 (Banerjee et al., 2008) , and decrease the susceptibility of strains to azole steroid biosynthesis inhibitors. Microarrays revealed upregulation of multidrug resistance genes, including CDR1 and CDR2, in response to progesterone (Banerjee et al., 2007) via steroid-specific elements in these promoters. Genes activated in response to steroids and stress overlap considerably. The Candida glabrata sterol transporter CgAus1 , which imports sterols from an external medium containing serum, was examined using a strain with conditional expression of the squalene synthase ERG9 and thus repressible sterol biosynthesis.
Caspofungin-induced genes
Caspofungin is an antifungal agent that inhibits the synthesis of b-1,3-glucan. Microarray analysis and RNA hybridization identified a number of responsive genes in the caspofungin-resistant wild-type strain examined by Bruno et al. (2006) . Their products are involved in the cell wall integrity and maintenance network; promoters contain a conserved sequence, the putative binding site for a common regulator. However, caspofungin-sensitive strains showed a similar gene regulation pattern in response to caspofungin (Bruno et al., 2006) . To summarize the chapter of fungicidedependent gene expression, the difference between resistant and susceptible strains is more likely to rely on trans-acting factor levels or activity, but not on the presence or absence of genes, or differing sequence in either coding sequences or promoters.
pH-dependent gene expression
A number of genes in C. albicans are regulated by the transcription factor Rim101 in response to the pH of the growth medium (Bensen et al., 2004) , for example, PHR1 and PHR2, which encode cell wall-bound glycosyl transferases (Saporito-Irwin et al., 1995; Mühlschlegel & Fonzi, 1997) . Rim101 binds to specific sites in the promoters of its target genes (Ramon & Fonzi, 2003; Baek et al., 2006) . When cells are grown in a medium of pH 6 and above, transcription of PHR1 is activated by Rim101, while the PHR1 transcript from cells grown in medium under pH 5.5 cannot be detected in RNA hybridization. A phr1/phr1 deletion strain can grow, but not filament, over a broad pH range (Saporito-Irwin et al., 1995) . PHR2 has an inverted expression pattern, undetectable at pH 6 and higher, but high at pH 5 and below. A phr2/phr2 deletion strain can grow in a medium of pH 5.5 and above, but not at a low pH (under pH 5), arguing for a tight regulation of PHR1 transcription at a low pH (Mühlschlegel & Fonzi, 1997) . A microarrayderived list of other pH-regulated genes can be found in Bensen et al. (2004) . Rim101 is also essential for the expression of the secreted aspartyl proteases Sap4-6 (Villar et al., 2007) .
Other environmentally regulated genes
The yeast Candida boidinii can use methanol as the sole energy and carbon source. Ten genes are specifically expressed in methanol medium. The authors used the acid phosphatase-encoding gene PHO5 of S. cerevisiae as a reporter for a study of serial truncations of the promoters of the methanol-induced DAS1 and FDH1 (Komeda et al., 2003) , identifying methanol-responsive elements.
Transcription of the C. albicans gene HMX1, which encodes a heme oxygenase, is increased rapidly after addition of hemoglobin, as demonstrated using a PHMX1-Renilla luciferase construct (Pendrak et al., 2004) .
Candida glabrata contains a number of genes whose transcription is increased in response to copper (Srikantha et al., 2005) , for example, the metallothionein-encoding genes MTI and MTII (Mehra et al., 1989) . Their promoters were used for a system of copper-inducible gene expression for C. glabrata (Mehra et al., 1990) . Regulation was conferred by increasing the copy number of MTII (Mehra et al., 1990) , and also the transcription factor Amt1, which binds to the promoters of MTI and MTII (Zhou et al., 1992) .
Candida species face stress generated by host cells, including nitric oxide produced by macrophages. Flavohemoglobin, which converts nitric oxide to nitrate, is encoded by YHB1 in C. albicans (Chiranand et al., 2008) . Its promoter contains a cis-acting nitric oxide-responsive element; the transcription factor Cta4 is involved in its regulation.
Fungi, including C. albicans, use regulatory systems based on GATA-type transcription factors to respond to nitrogen starvation. Dabas and Morschhäuser identified conserved sequences in the promoter of one of the target genes of this regulatory network, MEP2, encoding an ammonium permease (Dabas & Morschhäuser, 2007) . They are critical for the expression of the reporter, and are thought to be bound by the GATA factors Gat1 and Gln3.
Promoter/allele heterozygosity
Candida albicans is an extensively heterozygous organism with numerous single nucleotide polymorphismss. This is reflected in differential gene expression or gene product functionality. A number of C. albicans genes have been described as showing differential expression of the two alleles, for example SAP2 (Staib et al., 2002) , demonstrated by two strains in which the 5 0 end of either allele of SAP2 was disrupted. SAP2-2 was transcribed immediately upon infection, while the SAP2-1 allele was expressed exclusively in the later stages of systemic mouse candidiasis. Furthermore, expression of both alleles in an axenic culture depended on the presence of SAP2-2. The promoters of the alleles differ in the copy number of two pentameric nucleotide repeats. The chitin synthase CHS7 shows similar allelic heterozygosity in its promoter sequence (Sanz et al., 2007) . The presence of an additional GC-rich element in the promoter correlates with a weaker expression. Differential expression was detected in strains containing only one of the alleles each. In C. glabrata, the two metallothionein-encoding alleles of MTII differ in the number of copper-responsive upstream activating sequences in their promoters. MTIIa contains six copper-responsive elements, while MTIIb contains five and confers more copper resistance as a sole copy than MTIIa (Thorvaldsen et al., 1995) . Allelic differences are also frequent in coding regions. CDR1 and CDR2 have extensive allelic differences (Holmes et al., 2006) . Their transcriptional activator, Tac1, also has different alleles in a number of strains . Heterozygosity in the mating-type locus was demonstrated to be beneficial for virulence (Wu et al., 2007) .
Candida promoters used for conditional gene expression

MET3
The promoter most frequently used in C. albicans for conditional gene expression is PMET3 (Care et al., 1999) . MET3 encodes ATP : sulphate adenyltransferase, which assimilates inorganic sulfur, for example for the synthesis of methionine and cysteine. Similar to S. cerevisiae, CaMET3 is stringently repressed by methionine, S-adenosyl methionine or cysteine. The promoter conferred expression, as well as methionine-dependent downregulation, of the reporter GFP, although significant residual GFP fluorescence was detected. However, a strain containing a PMET3-URA3 construct in a ura3/ura3 background was not viable when grown in the absence of uridine under repressing conditions. The authors developed PMET3-containing plasmids for integration into the RP10 locus, and others for expression from a gene's native locus with simultaneous disruption of a native allele, reconstituting the ORF under the control of the MET3 promoter (Care et al., 1999) . Gola et al. (2003) constructed vectors for gene deletion, GFP tagging and regulated expression, with the PMET3 or PMAL2 promoters and three selective markers. Another set of vectors allows flag tagging of the gene of interest, expressed from PACT1, PMAL2 or PMET3 (Umeyama et al., 2002) . Gerami-Nejad et al. (2004) have developed a set of plasmids containing the URA3 selective marker with a choice of promoters that can be regulated for conditional expression of the native or GFPfused gene of interest: PMET3, PGAL, and PPCK1.
The MET3 promoter has been used for a number of studies of essential genes, with varying degrees of success. The role of Rad6 in postreplicative DNA repair, cellular differentiation, chromatin organization and gene silencing was studied in this manner (Leng et al., 2000) . Bassilana et al. (2003) examined the essential genes CDC42 and CDC24. Upon methionine repression, both the cdc24/ PMET3-CDC24 and the cdc42/PMET3-CDC42 strains were avirulent in mice. Kunze et al. (2005) , working on the gene PLC1, which encodes phospholipase C and is presumed to be essential, found that despite strong inhibition of growth of the plc1/PMET3-PLC1 strain, it was viable, and a transcript of the gene could still be detected by reverse transcriptase (RT)-PCR under repressing conditions. ABG1, which encodes an essential vacuolar protein with a role in cytokinesis and hyphal branching, was examined with the aid of PMET3 (Veses et al., 2005) . An abg1/PMET3-ABG1 strain was not viable under repressing conditions, and no transcript was detected by RNA hybridization. RAD52, which encodes a protein involved in homologous recombination, was depleted by placing the gene under the control of the PMET3 and applying repressing conditions (Andaluz et al., 2006) . RNA hybridization analysis showed that RAD52 mRNA almost disappeared in a rad52/PMET3-RAD52 strain; however, traces of RAD52 mRNA could be detected by RT-PCR. Phenotypes of the RAD52-depleted strain were similar to the rad52/rad52 deletion strain. Bensen and Berman expressed the mitotic cyclins CLB4 and the essential CLB2 from the MET3 promoter for the study of depletion phenotypes (Bensen et al., 2005) . PMET3 was further used to study phenotypes generated by the modulated expression of the suppressor of filamentation Sfl1 (Bauer & Wendland, 2007) .
PCK1
The C. albicans gene PCK1 encodes phosphoenol pyruvatecarboxykinase. Expression of this gene is strongly repressed by glucose and induced by succinate (Leuker et al., 1997) , which could be confirmed for expression of the PPCK1-driven reporter LAC4. Transfer of cells from a rich medium containing glucose to a medium without a carbon source similarly increased expression. The PCK1 promoter was used to overexpress the essential gene RAM2 (Song & White, 2003) to study its influence on potential target genes, and to overexpress EFG1 (Tebarth et al., 2003) .
MAL2
The promoter of the maltase-encoding gene MAL2 (Brown et al., 1996) is repressed by glucose and induced by maltose.
The authors integrated a PMAL2-URA3 construct into the genome of a uridine auxotrophic strain. All transformants showed inducible URA3 expression. When integrated into the RP10 locus of a ura3/ura3 strain, regulation was tight enough to prevent growth under repressing conditions (Backen et al., 2000) . In this study, the essential gene DPB2, which encodes part of polymerase epsilon, was replaced with a PMAL2-DPB2 cassette in a heterozygous dpb2/DPB2 background. Normal growth was observed on maltose, but when shifted to glucose, only cells with an intact DPB2 locus, derived from genomic rearrangements, could be recovered. PMAL2 was also used for heterologous expression of the human salivary histatin genes CaOSH5 and CaOSH3 in C. albicans (Baev et al., 2001) . Histatins have cytotoxic effects on yeasts in vitro. The authors detected transcript of the genes under repressing conditions by RT-PCR, but not by RNA hybridization. Growth of the strains was not impaired under repressing conditions, while induction resulted in cell death. Zhao et al. (2005) used the MAL2 promoter to modulate the levels of the cell-surface glycoprotein Als2. Strains grown under repressing conditions showed slower germination, impaired biofilm formation and reduced adhesion to host tissue, despite remnants of transcript detected by RT-PCR. The chitinase-encoding CHT3 was conditionally expressed with the PMAL2 (Dünkler et al., 2005) .
The use of MAL2 is not unproblematic; Care et al. (1999) recommend MET3 over MAL2 for developmental studies because the addition of amino acids interferes less with cell physiology and metabolism than a change of carbon source.
Secreted aspartyl proteases
Secreted aspartyl proteases SAP1 to 9, reviewed in Naglik et al. (2003) , play a major role in invasion of the host tissue and have complex regulatory patterns. Expression of SAP2 is induced in media containing only protein as the nitrogen source (Hube et al., 1994) . The Morschhäuser group (Staib et al., 2000) used the C. albicans SAP2 promoter for controlled GFP expression in both C. albicans and Candida dubliniensis in response to BSA. The PSAP2-MPA R system was used to create conditional mutants in C. albicans essential genes (Michel et al., 2002) . Heterozygous strains were created by replacing one allele of the gene of interest with a gene-specific URA3-PSAP2-caFLP deletion construct flanked by FLP recombination targets (FRTs). Induction of the SAP2 promoter resulted in expression of recombinase from caFLP, which removed the deletion construct, rendering the strain heterozygous for the gene of interest. For nonessential genes, the second allele can be eliminated with a similar deletion construct. For essential targets, an FRTflanked cassette containing a wild-type copy of the gene with its own promoter, and the MPA R marker, was integrated into the ACT1 locus. The second native allele was replaced with an FRT-URA3-PSAP2-caFLP-FRT deletion construct. The SAP2 promoter was then activated, resulting in excision of one or both cassettes (with URA3 or MPA R markers, at the native or the ACT1 locus). Viability tests showed that only one of the alleles of the essential target could be deleted at a time. Both CDC42 and BEM1 were confirmed to be essential by this method, and the phenotypes of the short-lived double-deletion mutants were studied (Michel et al., 2002) .
NAG1 and HEX1
Candida albicans contains a number of genes responsive to and able to utilize N-acetylglucosamine (GlcNAc), an amino sugar component of membranes (Kumar et al., 2000) . Promoter fragments of NAG1, which encodes GlcN-6-phosphate deaminase, were fused to the LAC4 reporter and an increase in b-galactosidase activity in response to GlcNAc was detected. The study also identified presumed binding sites for regulatory complexes in the promoter of NAG1. The gene HEX1 (Cannon et al., 1994) encodes a secreted hexosamidase that cleaves chitobiose into GlcNAc, its expression is similarly increased by GlcNAc. The HEX1 promoter was used for the controlled expression of the essential KRE6 (Mio et al., 1997) , which is involved in b-1,6-glucan synthesis. While the transcript was still detected by RNA hybridization in the heterozygous strain under repressing conditions and cells were viable, they showed phenotypic abnormalities. Furthermore, the PHEX1 was used to control expression of the transporter CDR1 (Niimi et al., 2004) .
MRP1
The bidirectional promoter of MRP1 (US patent 5824545) can be induced by maltose and repressed by glucose. Munro et al. (2001) used this promoter for conditional expression of the essential chitin synthase-encoding gene CHS1 in a CHS1/chs1 heterozygote strain. RNA hybridization analysis showed that the CHS1 transcript was undetectable under repressing conditions; budding cells failed to separate and eventually lysed. Mice inoculated with PMRP1-CHS1 cleared the infection, indicating that the MRP1 promoter was switched off in vivo (Munro et al., 2001) .
GAL1
Transcription of the C. albicans galactosidase-encoding gene GAL1 (Gorman et al., 1991) is strongly induced by galactose, but shows residual expression on a medium with glucose as the carbon source, as determined by activity of the reporter luciferase (Srikantha et al., 1996) . GAL1 can be used for positive (growth on galactose) as well as negative (resistance to 2-deoxygalactose, which is converted into a toxic product in GAL1 strains) selection; the gene is not required for the infection of mice (Forche et al., 2003) . GAL1 was used for a number of studies: GFP expression (Gerami-Nejad et al., 2004) as part of a set of plasmids with regulatable expression, controlled expression of SEC4 (Mao et al., 1999) and YPT1 (Lee et al., 2001) , both involved in secretion, and the methionine synthase MET6 (Suliman et al., 2007) .
Heterologous promoters
Tet repressor and operator
Gene regulation via the Escherichia coli tetracycline-dependent repressor system has been used successfully in a number of organisms, including fungi. Different versions of the original repressor have been developed: (1) repressible gene repressor ('dox-off '), (2) repressible activator and (3) inducible activator ('dox-on'). Version (1) is a constitutively expressed Tet repressor protein (TetR), which specifically binds operator-binding sites (tetO), preventing expression. Upon contact with tetracycline or doxycycline, the TetR changes to an inactive, non-DNA binding conformation, thus enabling expression. By fusing the DNA-binding domain of the TetR to an activator domain, for example S. cerevisiae Gal4 or Hap4, the protein can be turned into an activator of transcription, that binds to the tetO-containing promoter unless doxycycline is added [version (2)].
A constitutively transcribed tetR-GAL4 cassette was integrated into the genome of the haploid yeast C. glabrata, with a hybrid tetO and ScHOP1 promoter to allow controlled expression of the gene of interest. Transcription of the essential C. glabrata genes TEF3 (translation elongation factor 3) and TOP2 (topoisomerase II) could be turned off almost completely. Both strains lost their viability upon exposure to the repressing agent. Doxycycline-treated mice infected with cells carrying either construct showed lower loads of pathogen cells in the liver and kidney than infected untreated control mice (Nakayama et al., 1998) . For use in C. albicans, the CTG codon-corrected tetR-HAP4 was expressed from the glucose-dependent ENO1 promoter (Nakayama et al., 2000) . The ScHOP1-tetO promoter drove expression of the Renilla LUC1 reporter. Doxycycline almost completely repressed the reporter, in both yeast and hyphae. In the same study, the system was used for controlling expression of the essential C. albicans genes NMT1 and TEF3. One allele of either gene was deleted by replacement with and subsequent deletion of URA3, and the promoter of the remaining allele was replaced with the ScHOP1-tetO promoter construct. The resulting strains showed in vitro growth inhibition by doxycycline. Doxycycline-treated mice were able to partially clear infections by these strains (Nakayama et al., 2000) . The inducible TetR-Hap4 system [version (2)] was used to decrease levels of the C. albicans repressor of filamentation Nrg1, which lead to strong filamentation, even under nonpermissive conditions (Saville et al., 2003) .
In a recent study, the Tet system was used for testing a large number of C. albicans genes for essential candidates (Roemer et al., 2003) . A parent strain was constructed that constitutively expresses the codon-corrected tetR-GAL4, introduced with URA3 as a selective marker. For each of the genes examined, one allele was deleted by a PCR-generated, bar-coded construct. Then the promoter of the remaining allele was replaced by a PCR-based, tetracycline-responsive promoter based on PScCYC1. Transcription of the genes ceased after adding tetracycline or after forcing the strain to discard the trans-activator cassette via its flanking repeats by counter-selection against URA3 with 5-fluoroorotic acid. A lethal and growth-static outcome could be detected on measuring the OD of cultures. Thus, most biosynthetic genes essential in S. cerevisiae were found to be essential in C. albicans. Some strains were also tested by systemically infecting mice. Animals with access to tetracycline-treated drinking water remained healthy (Roemer et al., 2003) . However, the method could be susceptible to positioning effects, for example, of the URA3 marker (Sharkey et al., 2005) , which might distort the results of in vivo studies. Park and Morschhäuser (2005) used a modified version of TetR, the reverse Tet repressor, and fused to Gal4, to create a C. albicans reverse tetracyclin-dependent trans-activator [rtTA, version (3) ]. This inducible activator is expressed constitutively and binds its DNA target (the minimal C. albicans OP4 promoter with seven tetO-binding sites) only in the presence of doxycycline. This allowed successful and regulatable expression of the GFP reporter gene in yeast cells, hyphae and opaque cells. The system was used to control the expression of a dominant-negative allele of the essential gene CDC42, which encodes a Rho-type small G protein with multiple functions. Dox-induced transcription of CDC42 D118A led to growth arrest. Inducible expression of NRG1 resulted in loss of filamentation under hypha-inducing conditions. Using the opaque-specific, modified (tetO) 7 -OP4 promoter in opaque cells of an MTL-a strain, doxycycline-induced expression of MTLa1 induced switching to white cells, and MTLa2 expression in opaque cells resulted in shmooing. The system was further used for the creation of conditional null mutants. A strain was constructed that carries CDC42 flanked by FLP target sequences in the act1 locus, and the recombinase-encoding ecaFLP, under control of the (tetO) 7 -OP4 promoter, in the ADH1 locus. Both wild-type copies of CDC42 were deleted in this strain. Excision of the remaining copy of CDC42 after doxycycline-induced expression of ecaFLP was highly efficient, producing enlarged, multinucleate, nonviable cells. The authors also developed a one-step plasmid for conditional expression of a gene in wild-type strains. They combined the caSAT1 marker, the reverse trans-activator rtTA expressed from the constitutive ADH1 promoter and the GFP reporter (or the test gene) under the control of the (tetO) 7 -OP4 promoter on a plasmid for integration into the ADH1 locus. The construct successfully generated conditional GFP expression. However, the authors note that the dox-off system requires lower doxycycline concentrations than the dox-on system (inducible activator) for effectively regulating gene expression, and that high concentrations of doxycycline could influence morphology and development. Furthermore, initiation of expression in the dox-on system was not uniform; as observed in the GFP cells, the authors note that the SAP2 promoter was more efficient for conditional gene deletion by the ecaFLP recombinase (Park & Morschhäuser, 2005) . High concentrations of tetracycline can also influence the susceptibility to other antifungal drugs (Oliver et al., 2008) . Expression of other SAP genes was also achieved with the inducible activator (Staib et al., 2008) . The FLP/SAT1-based transformation and deletion system has since been used for Candida parapsilosis (Ding & Butler, 2007) and C. glabrata (Ueno et al., 2007) .
The TetR system has been used in a number of studies. Fu et al. (2008) used a promoter regulatable by the dox-off repressor for developing strains overexpressing surface proteins and to test for increased adherence to plastic. Gene deletion experiments using the TetR were conducted by Walia & Calderone (2008) (SSK2, presumed essential) . A further example of expression controlled by the TetR is VPS1, which codes for a vacuolar protein sorter (Bernardo et al., 2008) .
Reporter genes (Table 2) A number of reporter genes have been used for the study of Candida promoters . Depending on the purpose of the study, lacZ, LAC4 or luciferase can be used to quantify promoter-dependent expression under various environmental conditions. Fusion to the ORF of the GFP enables localization and observation in vivo. URA3, with its dual selection possibilities (complementing an auxotrophic phenotype or conferring sensitivity to 5-fluoroorotic acid), has also been used.
b-galactosidases
The E. coli lacZ gene, expressed from an autonomously replicating plasmid, was used as a reporter in C. glabrata (El Barkani et al., 2000) to assess expression of the copperinduced MTII gene (Mehra et al., 1989) . Codon adaptation of the Streptococcus thermophilus lacZ resulted in a protein that is functional in C. albicans (Uhl & Johnson, 2001 ). The authors tested this reporter with the maltose-inducible promoter MAL2, with the filamentation-specific PHWP1, which caused a strong increase in reporter activity in hyphae compared with yeast cells, and the ACT1 promoter, which yielded high constitutive expression. The lacZ reporter construct was also used to visualize expression in different sections of the colony grown on solid medium containing the lacZ substrate X-Gal. Li et al. (2004) studied the promoter of the two-component histidine kinase gene CHK1, which is implicated in the regulation of cell wall biosynthesis in C. albicans, by assessing the expression of a PCHK1-lacZ cassette. It was also used for the study of the gene UTR2, a target of the calcium-responsive zinc finger protein Crz1 (Karababa et al., 2006) . UTR2 promoter truncations identified a minimal fragment that showed an increase in lacZ activity in CaCl 2 -containing medium. Streptococcus thermophilus lacZ has also been used as a reporter of CDR1 expression (Gaur et al., 2005) . Leuker et al. (1992) detected b-galactosidase activity in C. albicans and Candida tropicalis strains carrying a PACT1-LAC4 (Kluyveromyces lactis) construct, while no expression of PACT1-lacZ (E. coli) could be detected in C. albicans. Promoter fusions of CHS1, 2, 3 and 8 to S. thermophilus lacZ demonstrate unique regulatory profiles of each gene (Munro et al., 2007) .
Luciferase
The Soll group first used firefly luciferase as a reporter to monitor transcription from the promoter of WH11 (Srikantha et al., 1995) , and it was later also used by Doyle et al. (2006) . For subsequent studies, Renilla reniformis luciferase RLUC was used for monitoring gene expression from inducible (GAL1), constitutive (EF1 alpha2) and phasespecific (WH11 and OP4) promoters (Srikantha et al., 1996) . Truncations of the promoter of the opaque-specific gene OP4 were also tested with Renilla luciferase (Lockhart et al., 1998) . RLUC was used as a reporter for a number of C. glabrata genes differentially regulated in white, brown and 
XOG1
Expression can be assessed macroscopically González et al. (1997) irregular wrinkle phenotypes (Srikantha et al., 2005) . Transcription of the heme oxygenase-encoding HMX1 (Pendrak et al., 2004) , zinc finger transcription factor genes MSN2 and MSN4 (Nicholls et al., 2004) and the efflux pumpencoding MDR1 (Harry et al., 2005; Rognon et al., 2006) was measured with the help of the luciferase gene fused to their promoters. The expression of the genes CDR1, CDR2 (de Micheli et al., 2002; Yang et al., 2006) , the adhesin ALS3 (Argimon et al., 2007) and ERG11 (Song et al., 2004; Oliver et al., 2007) was similarly monitored by RLUC-encoded reporters.
GFP
GFP, from the jellyfish Aequorea victoria, can be used as a reporter for measuring promoter strength (via RNA hybridization or RT-PCR) and protein levels (via anti-GFP antibodies), localization of the proteins in vivo and fluorescence-assisted cell sorting. The GFP gene was codonoptimized for fluorescence in C. albicans by the Brown and Morschhäuser groups. It was expressed from the ADH1 and MAL2 (Cormack et al., 1997) , and SAP2 (Morschhäu-ser et al., 1998) promoters. GFP fusions demonstrated the functionality of the conditional MET3 system (Care et al., 1999) . Various versions of GFP, for example, yellow and cyan, were modified for C. albicans codon usage and the gene variants fused to ORFs to simultaneously visualize two different proteins (Gerami-Nejad et al., 2001) . GFP was utilized as a test reporter for a number of expression vectors (Gola et al., 2003; Gerami-Nejad et al., 2004) . The Brown group developed a set of vectors for measuring promoter activity in individual cells using quantitative expression of GFP. Analysis of PPCK1-GFP, PACT1-GFP and PMET3-GFP fusions showed the expected expression patterns in vitro and also in mouse models of systemic infection (Barelle et al., 2004) . Park and Morschhäuser (2005) used GFP to test the reverse tetracyclin-dependent activator system. GFP was employed as a reporter for the promoters of MDR1 (Wirsching et al., 2000) , SAP1, WH11 (Strauß et al., 2001 ) and CDR1 (Gaur et al., 2005) . It was used for the study of expression of the eight genes encoding oligonucleotide transporters, OPT1-OPT8 (Reuß & Morschhäuser, 2006) . The expression of SAP2 was investigated by Copping et al. (2005) in wild-type isolates of C. albicans by fusion of the promoter to GFP. This reporter was also used in C. dubliniensis (Staib et al., 2000) . GFP was also fused to the promoters of SAP4, 5 and 6 for expression and localization studies (Barelle et al., 2008) . A GFP fusion to the transcription factor Crz1p showed its nuclear localization (Karababa et al., 2006) ; fusion to CTA1, TRX1 and TTR1 was used to study expression of these genes when cells are engulfed by macrophages (Enjalbert et al., 2007) .
URA3
URA3, encoding orotidine 5 0 -monophosphate decarboxylase (OTCase), offers possibilities for positive as well as negative selection: the marker can complement ura3/ura3 auxotrophic strains or confer sensitivity to 5-FOA (Myers et al., 1995) . URA3 has also been used as a reporter to test promoter activity, because it is essential in the absence of uracil or uridine and can thus be used to test for leakiness of promoters. URA3 expression under its own promoter strongly depends on the locus of integration of the constructs (Lay et al., 1998; Staab & Sundstrom, 2003) . For complementation of the auxotrophy, URA3 should be reintegrated into its native (Myers et al., 1995; Sharkey et al., 2005) or the RP10 locus (Brand et al., 2004) . Other biosynthetic markers that complement auxotrophies can be used with this strategy, for example, HIS3 .
XOG1
The C. albicans XOG1 gene encodes an exoglucanase. The authors suggested its possible use as a reporter for gene expression because XOG1 deletion does not affect virulence. Activity of the protein can be assessed on agar plates and in liquid culture with a fluorogenic substrate. Under UV light, the exoglucanase-producing strains show white luminescence (González et al., 1997) .
To summarize, a wealth of heterologous and homologous promoters has been successfully used to control gene expression in C. albicans, and reporters have been adapted to this organism, facilitating the study of gene expression. TAC1, transcriptional activator of CDR genes, is a new transcription factor involved in the regulation of Candida
